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It is assumed that the intergalactic magnetic ﬁelds were spontaneously generated in the early Universe due to vacuum
polarization of non-Abelian gauge ﬁelds at high temperature T . Here, a procedure to estimate the ﬁeld strengths
B(T ) at diﬀerent T is developed and the value of B(Tew) ∼ 1014 G, at the electroweak phase transition temperature,
is derived by taking into consideration the present intergalactic magnetic ﬁeld strength B0 ∼ 10−15 G.
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1. INTRODUCTION
Recent experimental discovery of intergalactic mag-
netic ﬁelds having the ﬁeld strength of the order
B ∼ 10−15 G [1, 2] is one of the most interesting
events of modern cosmology. In Ref. [3] a model-
independent 95 per sent CL interval 1 × 10−17 G ≤
B ≤ 3 × 10−14 G is determined. This discovery, in
particular, restricts the possible processes resulting
in the generation of ﬁelds in the hot Universe [2, 4],
and stimulates further investigations.
In the present report we discuss a mechanism
based on non-Abelian magnetic ﬁelds. As it was
shown recently, a spontaneous magnetization hap-
pens in non-Abelian gauge theories at high temper-
ature T . This phenomenon is the extension of the
Savvidy [9] vacuum B(T ) = const = 0 to the ﬁnite
temperature case. In contrast to the zero temper-
ature, the state B(T ) appears to be stable due to
a magnetic mass of the color charged gluon and a
A0-condensate. Its energy is below the perturbative
vacuum one, and the minimum of the eﬀective po-
tential is reached for a ﬁeld of order gB ∼ g4T 2.
Although this phenomenon was discovered in SU(2)
gluodynamics, it is common for other SU(N) gauge
ﬁelds.
An important property of such magnetic ﬁelds is
the vanishing of their magnetic mass, mmagn. = 0
[8, 11]. The mass parameter describes the inverse
spatial scales of the transverse ﬁeld components.The
absence of the screening mass means that the sponta-
neously generated Abelian chromomagnetic ﬁelds are
long range at high temperature. Hence, it is reason-
able to believe that, in the hot Universe, at each stage
of its evolution spontaneously created, strong, long-
range magnetic ﬁelds of diﬀerent types have been
present. Since they are constant ones, their scale
is coinciding with the horizon scale at a particular
temperature.
In what follows, in the frameworks of the standard
model (SM), we estimate the strength of the magnetic
ﬁeld at the temperature T ewc of the electroweak phase
transition (EWPT), assuming the mechanism as de-
scribed above. We carry out an actual calculation
in the frame of a consistent eﬀective potential (EP)
accounting for the one-loop, V (1), and the daisy (or
ring), V ring, diagram contributions. In Sec. 2 the EP
of an Abelian constant electromagnetic B ﬁeld at ﬁ-
nite temperature is obtained. It is used, in Sec. 3, to
estimate the magnetic ﬁeld strength at the (EWPT).
In Sec. 4 the discussion of the results is given.
2. EFFECTIVE POTENTIAL AT HIGH
TEMPERATURE
The complete EP for the standard model is given in
the review [10]. In the present investigation we are
interested in two limits:
1. Weak magnetic ﬁeld and large scalar ﬁeld con-
densate, h = eB/M2w < φ
2, φ = φc/φ0, β =
1/T ;
2. Case of the restored symmetry, φ = 0, gB =
0, T = 0.
For the former case we show the absence of sponta-
neous vacuum magnetization at ﬁnite temperature.
For the latter one we estimate the ﬁeld strength at
high temperature. Here Mw is the W -boson mass at
zero temperature, φc is a scalar ﬁeld condensate, and
φ0 its value at zero temperature.
To demonstrate the ﬁrst property we consider the
one-loop contribution of W -bosons:
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V (1)w (T, h, φ) =
h
π2β2
∞∑
n=1
[ (φ2 − h)1/2β
n
K1(nβ(φ2 − h)1/2)− (φ
2 + h)1/2β
n
K1(nβ(φ2 + h)1/2)
]
, (1)
where n labels discrete energy values and K1(z) is
the MacDonald function.
The main goal of our investigation is the restored
phase of the SM. So, we adduce the high temperature
contribution of the complete eﬀective potential rele-
vant for this case using the results in Ref. [10]. First
we write down the one-loop W -boson contribution
as the sum of the pure Yang-Mills weak-isospin part
(B˜ ≡ B(3)),
V (1)w (B˜, T ) =
B˜2
2
+
11
48
g2
π2
B˜2 log
T 2
τ2
− 1
3
(gB˜)3/2T
π
− i (gB˜)
3/2T
2π
+ O(g2B˜2), (2)
where τ is a temperature normalization point, and
the charged scalars,
V (1)sc (B˜, T ) = −
1
96
g2
π2
B˜2 log
T 2
τ2
+
1
12
(gB˜)3/2T
π
+ O(g2B˜2), (3)
describing the contribution of longitudinal vector
components. This representation is convenient for
the case of extended models including other gauge
and scalar ﬁelds. In the SM, the contribution of
Eq. (3) has to be taken with a factor 2, in the case
of the Two-Higgs-Doublet SM, this factor must be 4,
etc. The imaginary part is canceled by the term ap-
pearing in the contribution of the daisy diagrams for
the unstable mode [6],
Vunstable =
gB˜T
2π
[Π(B˜, T )−gB˜]1/2+i (gB˜)
3/2T
2π
. (4)
Here Π(B˜, T ) is the mean value for the charged gluon
polarization tensor taken in the ground state of the
spectrum. If this value is suﬃciently large, spec-
trum stabilization due to radiation correction takes
place. This possibility formally follows from the tem-
perature and ﬁeld dependence of the polarization
tensor in the high temperature limit T → ∞ [12]:
Π(B˜, T ) = c g2T
√
gB˜, where c > 0 is a constant
which must be calculated explicitly. At high temper-
ature the ﬁrst term can be larger then gB˜.
The high temperature limit of the fermion contri-
bution looks as follows:
Vfermion = −α
π
∑
f
1
6
q2f B˜
2 log
T
τ
, (5)
where the sum is extended to all leptons and quarks,
and qf is the fermion electric charge in positron units.
We observed the stable vacuum state in the lattice
simulations [7]. Therefore, we believe that this prob-
lem has a positive solution.
3. MAGNETIC FIELD STRENGTH AT Tew
Let us now show that the spontaneous vacuum mag-
netization does not happen for non-small values of
φ = 0. To do that we notice that the magnetization
is produced by the gauge ﬁeld contribution, given
in Eq. (1). We consider the limit of gBT 2  1 and
φ2 > h. For this case we use the asymptotic expan-
sion of K1(z),
K1(z) ∼
√
π
2z
e−z
(
1 +
3
8z
− 15
128z2
+ · · · ), (6)
where z = nβ(φ2 ± h)1/2. Now, we investigate the
limit of β → ∞, Tφ  1. We can also substitute
(φ2 ± h)1/2 = φ(1± h2φ2 ). In this approximation, the
sum of the tree level energy and (1) reads
V =
h2
2
− h
2
π3/2
T 1/2
φ1/2
(
1 − T
2φ
)
e−
φ
T . (7)
The stationary equation ∂V∂h = 0 has the solution
h = 0. Hence we conclude, after symmetry break-
ing the spontaneous vacuum magnetization does not
happen.
To estimate the magnetic ﬁeld strength in the re-
stored phase at the EWPT temperature the total
EP deduced in the previous section must be used.
This can be best done numerically. To explain the
procedure, we consider here a part of this potential
accounting for the one-loop W -boson contributions
given in Eq. (2). The value of the spontaneously gen-
erated magnetic weak isospin ﬁeld is calculated from
Eqs. (2) and (3):
B˜(T ) =
1
16
g3
π2
T 2
(1 + 512
g2
π2 log
T
τ )
2
. (8)
We relate this expression with the intergalactic mag-
netic ﬁeld B0.
Let us introduce the standard parameters and de-
ﬁnitions, g
2
4π = αw, α = αw sin θ
2
w,
(g′)2
4π = αY and
tan2 θw(T ) =
αY (T )
αw(T )
, where α is the ﬁne structure
constant. Here, instead to ﬁnd the temperature de-
pendence of the Weinberg angle, we, for a rough
estimate, substitute the zero temperature number:
sin2 θw(T ) = sin2 θw(0) = 0.23.
Other point – re-scaling – must be taken into ac-
count in the expanding Universe. As is well known,
the temperature dependence B(T0) = B(T )(
a(T )
a(T0)
)2
takes place, where a(t) is a metric scale factor. At
the same time, for magnetic ﬁelds after symmetry
breaking (as for relic photons) the scaling behavior
T (t) ∼ 1/a(t) is usually assumed. That results in the
temperature dependence of B ∼ (T/T0)2. Hence, the
possibility to relate B0 with B(Tew) is in order.
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For the given temperature of the EWPT, Tew, the
magnetic ﬁeld is
B(Tew) = B0
T 2ew
T 20
= sin θw(Tew)B˜(Tew). (9)
Assuming Tew = 100 GeV = 1011 eV and T0 =
2.7K = 2.3267 · 10−4 eV, we obtain
B(Tew) ∼ 1.85 1014 G. (10)
To take into consideration the fermion contribu-
tion Eq.(5) we have to substitute the expression
5
12
g2
π2 log
T
τ in Eq.(8) by the value
(
5
3
−
∑
f
1
6
q2f )
αs
π
log
T
τ
. (11)
In the above estimate, we have taken into account the
one-loop part of the EP of order ∼ g2 in the coupling
constant. The ring diagrams have order ∼ g3 and
give a small numeric correction to this result in the
high temperature approximation. Note, had we taken
into account all the terms listed in the previous sec-
tion, the results not changed essentially as compared
to given in Eq.(10).
4. DISCUSSION
We here summarize our main results. In the prob-
lem under investigation, the key point is the spon-
taneous vacuum magnetization, which eliminates the
magnetic ﬂux conservation principle at high tempera-
ture. Vacuum polarization is responsible for the value
of the ﬁeld strength B(T ) at each temperature and
serves as a source of it. We also have shown that,
at ﬁnite temperature and after symmetry breaking, a
scalar ﬁeld condensate suppresses the magnetization.
At Tew the magnetization is stopped and the frozen
in of the magnetic ﬁeld lines into the plasma happens.
Due to this property the ﬁeld strengths at diﬀerent
temperatures can be estimated and related to B0 in
various models.
Hence it follows that the actual nature of the ex-
tended model is not essential at suﬃciently low tem-
peratures when the decoupling of heavy gauge ﬁelds
has happened. In particular, from this one can con-
clude that the vacuum polarization “washed out” the
relics of the magnetic ﬁelds generated at very high
temperature or at inﬂation.
The present value of the intergalactic magnetic
ﬁeld is related in our model with the ﬁeld strengths
at high temperatures in the restored phase. Because
of the zero magnetic mass for Abelian magnetic ﬁelds,
as discovered recently [8], there is no problem in the
generation of ﬁelds having a large coherence length.
In fact, we have assumed that it is of the order of the
horizon scale, λB ∼ RH(T ), in our estimate. This is
reasonable because at a given temperature the ﬁeld
B(T ) = const, generated due to vacuum polariza-
tion, occupies all space. In this scenario, a large scale
domain structure is also permissible that requires an
addition consideration. Knowing the particular prop-
erties of the extended model it is possible to estimate
the ﬁeld strengths at any temperature. This can be
done for diﬀerent schemes of spontaneous symme-
try breaking (restoration) by taking into account the
fact that, after the decoupling of some massive gauge
ﬁelds, the corresponding magnetic ﬁelds are screened.
Thus, the higher the temperature is the larger num-
ber of strong long range magnetic ﬁelds of diﬀerent
types will be generated in the early Universe.
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